Abstract: DNA sequencing techniques witnessed fast development in the last decades, primarily driven by the Human Genome Project. Among the proposed new techniques, Nanopore was considered as a suitable candidate for the single DNA sequencing with ultrahigh speed and very low cost. Several fabrication and modification techniques have been developed to produce robust and well-defined nanopore devices. Many efforts have also been done to apply nanopore to analyze the properties of DNA molecules. By comparing with traditional sequencing techniques, nanopore has demonstrated its distinctive superiorities in main practical issues, such as sample preparation, sequencing speed, cost-effective and read-length. Although challenges still remain, recent researches in improving the capabilities of nanopore have shed a light to achieve its ultimate goal: Sequence individual DNA strand at single nucleotide level. This patent review briefly highlights recent developments and technological achievements for DNA analysis and sequencing at single molecule level, focusing on nanopore based methods.
INTRODUCTION
Identification of nucleotide sequence is a fundamental step for diverse research topics in biotechnology, especially for genetic engineering, clinical diagnostics and biomedical treatments [1] . The first practical DNA sequencing method is Sanger biochemical method [2, 3] , which brought F. Sanger his second Nobel Prize in 1980. This typical method yields multiple lengths DNA fragments terminated or cleaved at specific bases with either enzymatic or chemical reactions [2] [3] [4] [5] . The cleaved or terminated DNA fragments were separated from each other according to the length of the strands. The automated fluorescent instruments or other detection methods were developed to sequence those separated DNA strands in the followed steps [6] [7] [8] . However, this type of technology usually has to involve tedious and redundant work with excessive expenditure on DNA fragments separating and data analyzing. With traditional techniques, it needs to take several years and cost US$10-25 million to only sequence a single human genome [9] at the beginning of the Human Genome Project [10, 11] . Therefore, researchers have kept looking for new alternative DNA sequencing methods, which should be cheaper, faster and more accurate than the traditional methods.
Beginning with Kasianowicz's landmark report [12] , nanopore was highly considered as a powerful candidate to sequence DNA molecule at single molecule level. By dispensing with complex chemical and enzymatic reactions and expensive instruments, the nanopore sequencing is believed to be a rapid and cost-effective process. In the original nanopore system [13] , the two adjacent reservoirs filled with aqueous electrolyte were separated by an insulating membrane. Nanopores embedded into the membrane act as channels of the two chambers. The target nucleic acid polymers are placed in one of the chambers. As the single-strand DNA is driven electrophoretically through the nanopore with suitable diameter, the ionic current would be altered by nucleotide blocking/opening the nanopore. In the ideal conditions, each alternation of ionic current should correspond to one base of DNA strand passing through the nanopore. The identified variations in ionic current should show different distinguishable features due to the different type of bases. In this way, each nucleotide of DNA strand can be identified, leading to fully decoding of the target DNA sequences. Besides the benefits in cost and speed, some other advantages of this approach are also attractive [14, 15] : 1) It is able to obtain single-molecule sensitivity; 2) It could simplify the sample preparation process; and 3) It will not involve other factors appearing in the traditional methods to limit the reading length.
In this review, we will retrace the previous development of nanopore methods in DNA sequencing applications. Furthermore, by comparing with current dominant sequencing techniques, we try to explore the future trends of nanopore sequencing method developments. Thus, we will firstly introduce the current fabrication and modification techniques for nanopores and applications in using nanopore devices in DNA sequencing in section II. Then, by simply reviewing on the development of current dominant DNA sequencing techniques in section III, we will address several crucial issues for the future development of nanopore methods. We will not cover the details of those methods and thus Refs [16] [17] [18] are suggested for those who are interested in a detailed understanding of those techniques. Finally, in section IV, we will extend our discussions to current challenges in the applications of nanopore sequencing methods. Some related pioneer efforts will be discussed as examples to depict the future development trend of nanopore methods.
NANOPORE DNA SEQUENCING
Nanopore DNA sequencing method originates from the basic principle of Coulter-counting technique [19] . In the original Coulter-counting technique, the detectable ionic current fluctuations can be observed during the micro-scale particles pass through micro-scale aperture. The on/off fluctuation signals are recorded as the index to count the number of particles passed. Moreover, the variations in the fluctuation amplitudes can also be used to characterize the features and specific properties of target particles [20] . When the dimensions of aperture go to nanoscale, the single-molecule, e.g. the nucleic acid molecule, can be characterized with similar techniques [21] .
Nanpore Devices Preparation
Suitable nanopore device is the key in nanopore sequencing methods. In previous researches, two main types of nanopores have been used for DNA sequencing purpose. The first is the so called protein pores embeded in a lipid bilayer ( Fig. 1 (a) , left) [12, 22] . The typical 10nm-long hemolysin protein pore has suitable diameter ranging from 1.4nm to 4.6nm for DNA analysis [23] . In practical, all such protein pores have the similar geometry and identical chemical components, ensuring the identical devices applied in various experiments. In the previous reports [24, 25] , the simple protein pore device, containing only single hemolysin protein pore, has been applied to identify different bases of RNA molecule. Efforts have been also made to improve the capabilities of protein nanopore for single-molecule level analysis by engineering the protein with more binding sites for target molecules [26] [27] [28] .
For long-term commercial uses, the stability of nanopore is critical. Although protein nanopore itself is stable enough, the fluid lipid bilayer, which supports the bio-nanopore, is susceptible to the external impact. Recently, some improvements have been made to enhance the stability of the lipid bilayer. For examples, the lipid bilayer can be kept stable for weeks by being encapsulated between agarose film or by using smaller nano-scale bilayer membrane instead of microscale ones [24, 25, 29, 30] . However, instability is still the main drawback of bio-nanopore devices. Moreover, the fixed 10 nm length of normal protein nanopore is another instinct defect of bio-nanopore. Such length is long enough to keep 10-15 nucleotides in the channel simultaneously, and heavily lower the sensitivity of nanopore for the single-nucleotide identification.
To overcome those disadvantages of bio nanopore, robust solid-state nanopores ( Fig. 1 (a) , Right) in silicon nitride, silicon oxide or other oxides film were fabricated from the last decade. Specific novel techniques have been developed to form solid-state nanopore in satisfying size-scale such as the ion beam sculpture technique designed by Li, et al. [31] . The inventors firstly etched and removed the membrane material with high energy ion beam. Then they narrowed the Fig. (1) . Schematics of the structures of protein bio-nanopore (left) and solid-state nanopore (right) for DNA analysis (a); The synthetic nanopore with specific compound (b), Ar is aromatic group, M is metal ion such as palladium, platinum or rhenium. X has an aliphatic with at least 1 carbon atom. x, y and z are the number of chemical groups as an integer or zero. m, n are also number of chemical groups. m is the integer greater than or equal to one while n is the integer not smaller than 3 [37] ; The adjustable nanopore (c), the diameter of nano-scale aperture can be controlled by piezoelectric positioner (or piezo positioner) [38] .
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Organic Molecular Spacer opening of the pore to several nanometers with reconstruction of materials around the pore caused by the exposure to the gentle ion beam [32] . By adding specific structure material [33] or changing ion exposure condition such as temperature and ion rate [34] , the researchers have been able to also control the specific local feature purposefully.
Another widely used nanopore fabricating technique is Ebeam lithography technique [35] . The high-intensity electron beam was used to drill a hole on the surface of membrane. Then the diameter of the initial pore can be tuned to nanometer scale by diffuse electron beam. In most case, transmission electron microscope (TEM) was used to implement the realtime formation of nanopores [36] . The initially drilled pore with diameter 50nm or less can be narrowed to sub-10 nm.
In the traditional solid-state nanopore devices, the photosensitivity of ionic current measured is one of the noise sources and seriously limits the accuracies in DNA sequencing process. In order to obtain meaningful signals, many previous experiments have to be done in the dark condition. The degradation of the measured signal is believed to come from hole-electron pair generation in a depletion region near the surface of the p-type silicon used in nanopore chips. To solve this problem, Barth introduced to use n-type semiconductor instead of p-type as in previous experiments [39] . The fabricated nanpore devices with n-type semiconductor revealed the expected reduction in electrical noise, electrical drift and photosensitivity of the measured signal. In the recent researches [40] , Wu and his coworkers tried to fabricate biconical shape nanopore with symmetric top and bottom by sculpting composite layers membrane with SiO 2 /SiN/SiO 2 layers, instead of identical layer membrane used in tradition techniques, by intensity electron beam. The fabricated nanopores can achieve satisfied scale dimensions and controllable shape by adjusting the drilling conditions and material compositions.
Besides the above two main techniques, there are also some other techniques developed based on etching or nanooxidation mechanisms. Silicon lithographic techniques were used to fabricate nanopore with diameters as small as 1-2 nm [41] . The researchers firstly deposited a several nanometers silicon layer with an etchable fillet embedded on substrate. Then the second structural layer with second etchable fillet was deposited on the top of first layer. The two fillet cross each other at a nonzero angle and thus form an intersection. The two fillet were etched by traditional lithography method can form a 1-2 nm aperture at the intersection. Alternatively, AFM-assisted nano-oxidation was introduced to fabricate nanopore arrays [42] . The coated AFM tip (coated by tungsten carbide(W 2 C), titanium (Ti) or Platinum (Pt)) were located selectively on the thin mask layer deposited on a bottom layer. Then the oxidation happens locally at the predetermined place by applying a bias voltage. By removing the oxidation residues with wet etching or dry etching process, the nanopore is formed on the thin mask layer. This method is useful to form satisfied nanopores reproducibly.
Although nano etching or oxidation techniques have been very successful in nanopore fabrication, researchers still try to find a more efficient method to realize the massproduction of nanopores. Synthetic organic nanopores ( Fig.  1 (b) ) is one of the most promising choice for this purpose [37] . The specific organic compounds were synthesized and inserted into bilayer lipid or solid-state membrane forming robust organic nanopore. The synthetic organic nanopore is much stronger than protein nanopore and has better controlled geometry than the other solid-state nanopore. As is summarized by the inventor, this technique has intrinsic advantages comparing with others: 1) it can form stable nanopore; 2) It forms large number of nanopore in the similar dimension simultaneously and reproducibly which is significant for industrial production; 3) It can produce nanopores for specific purpose in much more controllable way only by tuning the chemical process. In patents [37] , the inventors demonstrate how to realize the triangular or rectangular section of nanopore only by tuning the chemicals; 4) The requirements of fabrication conditions (such as temperature) are not as strict as other techniques; 5) The size scale in 3 dimensions, especially the height of nanopore are totally controllable and meet the requirement of DNA sequencing applications very well. This versatile technique open a new cost-effective way to the mass production of nanopores.
Another pioneer attempt without nano etching or oxidation is to embed inorganic nanotubes [43] [44] [45] into membrane as the ionic current channel. In contrast with traditional technique, nanotubes can form regular and self-oriented pore structure. Moreover, with the relatively matured synthetic method, this technique can simplify the fabrication of nanopore devices and various sized nanotube can be obtained and kept stable for specific purposes. In a newly published work, Liu's group has achieved to translocate a single strand DNA through the nanopore formed by single wall carbon nanotube with 1.5 to 2 nm diameter [46] .
Following the exploration of nanopore fabrication techniques, some researchers also design or modify the whole nanopore-device systems to optimize the functions of nanopore in the real DNA sequencing applications. Barth and his coworker [38] designed a system to realize the adjustable nanopores for various purposes. The two planar substrates, each of which contains a hole with sharp corner and edges, contact to each other closely. The subnanometer piezoelectric positioner can drive one substrate to move to the other. The edges of two holes form an aperture as shown in Fig. 1 (c) . The ionic current through the aperture was monitored as feedback signals to control the movement of piezoelectric driven substrate to form the nanopore aperture at the predetermined diameters. Furthermore, in Barth's new patent [47, 48] , he integrated the microfluidic introduction systems into nanopore chip, which combine DNA sample conveying, DNA sample threading through the nanopore and DNA strand sequencing together to improve the efficiency of sample detection.
Translocation of DNA Through Nanopore Device
Experimentally, the typical length of nanopore channel is so short that even small variation in translocation manner of DNA strand would cause serious ionic current changes [49] [50] [51] . However, it is very difficult to control and monitor the translocation behavior of DNA through nanopore because of ultrahigh translocation rate. Even at the electrostatic potential around 150mV, DNA passes through a nanopore at rate around 1 monomer/μs [52] . At such high translocation rate, it is almost impossible to obtain the sensitivity to identify the single nucleotide in DNA strand because in most cases, 1ms or even longer time is needed for nanopore detection system to resolve single bases. However, in this time period, thousands of bases will have passed through the ananopore in the bare nanopore system. Therefore, it is always the central topic for the nanopore in DNA sequencing applications, i.e. how to control the translocation of the target single DNA, especially reduction of the translocation rate in a controllable way.
Recently, one of the most attractive efforts has been made to lower the translocation rate. A molecular motor was immobilized inline with the nanopore aperture [53] . The molecular motor is able to interact with the monomer of DNA nucleotides in sequence and moving the polymer with respect to nanopore aperture. In this way, the translocation rate of DNA through nanopore can be controlled in a slower manner (0 to 2000 monomers/s). Meanwhile, a defined direction of DNA sequencing is also determined by restricting the movement of DNA strand with the molecular motor ( Fig.  2 (a) ). The various molecule motors, DNA polymerase [56, 57] were selected for DNA sequencing. Those candidates of molecular motors include E. coli DNA polymerase, Phage T7 DNA polymerase, Phi-29 DNA polymerase and so on.
Recently, some researchers also realized the modification of the translocation manner of DNA by treating the nanopore surface. By treating nanopore surface with materials carrying positive charge [58] , the increasing interaction between nanopore surface and the target DNA molecule with negative charged backbone would extend the duration period of DNA translocation through the nanopore. Otherwise, the detection of DNA molecule for specific purpose can be realized by treating nanopore with different materials.
Instead of introducing the extra chemical steps, Chen [59] realized the control of the translocation of DNA strand only by applying a rotating electric field. Typically, a driven electric field was applied perpendicularly to the nanopore membrane leading to the DNA molecule passing through nanopore. In this patent, by applying another rotating parallel electric field, the inventor also realized the control of the translocation manner, especially the translocation rate. During the translocation, the passing of each nucleotide through the nanopore is related to the rotating frequency of electric field. To lower rotating frequency can tremendously reduce the translocation rate of the polynucleotide sequence. In another patent, Gershow and his coworkers also demonstrated a method of re-translocation of the DNA molecule only by recycling the driven electric field applied (Fig. 2 (b) ) [54, 60] . It is difficult yet very meaningful to sequence long DNA strands. Typically, for the DNA strand with ten thousands of nucleotides, poor detection quality would be obtained with only once high speed translocation. By using this recaptured technique, multiple times back and forth sequencing can be implemented to obtain more accurate results. As is demonstrated by researchers, for 50,000 nucleotide fragments, it is necessary to read to 6 times or more to reach 99.9% accuracy. Therefore, this molecular "ping-pang" process, as called by Stein [61] , will be very helpful to improve the capability of nanopore sequencing methods by controlling the re-translocation times of DNA through nanopores.
Optical tweezers were also considered as a useful tool to control the translocation manner of DNA through nanopore [55, 62] . Firstly, one terminal of the target DNA is attached to a bead held by the optical tweezers. Then, the other terminal of the DNA strand is driven through the nanopore by electrophoretic potential. The free terminal of DNA is attached to another bead, caught by another optical tweezers. In this way, the translocation of target DNA could be totally controlled by the movements of optical tweezers at any predetermined rate (Fig. 2c) . In addition, the DNA strand would be fully stretched during translocation so that the stochastic motion of DNA molecule is minimized. Thus, it is very helpful to obtain the high accuracy in DNA analysis. However, the practical operation of this technique is tricky and time consuming, still far away from the commercial applications.
Sensing DNA Molecule with Nanopore
Although the expectation to identify single nucleotide with nanopore was proposed decades ago [12] , this ultimate goal is still far from accomplished. The practical applications of nanpore in DNA analysis are still in some initial states. So far, the nanopore analysis method was mainly limited in: 1) discrimination between ssDNA and dsDNA; 2) DNA length discrimination; 3) characterization of conformations of DNA.
As is reported [12, 23] , the protein nanopore can be used to separate the ssDNA and dsDNA with critical diameter scale <2nm (Fig. 3(a) ). The ssDNA with 1.3nm diameter could pass through the small apertures of protein nanopore but the dsDNA with 2.3nm diameter could not. Especially, the unzipping process of dsDNA was observed with biopore. By this method, the translocation rate of single strand DNA unzipped from dsDNA is slowed down to 1 nucleotide/ms [63] . Recently, the discrimination between ssDNA and dsDNA and unzipping dsDNA were also realized with solidstate nanopores [64] . Besides, the discrimination between dsDNA and ssDNA can also be achieved by analyzing the variations of ionic current through the nanopore [65] . Changes in amplitudes of ionic current obtained are used as the indications of the translocation events of single or double strand DNA through nanopore.
Nanopores were also used to separate DNA strand with different length. Experimentally, DNA strands with different lengths demonstrate the different translocation duration through nanopore [66] . Longer strand DNA couples with nanopore surface more than shorter one and lead to a lower translocation rate. Based on this principle, the researchers designed a nanopore device to separate DNA strands with different length [67] . A bias voltage was applied for a predetermined time period to drive the DNA molecule to pass through nanopore. The predeterminated time period is set only enough for the passage of specific length DNA through nanopore but not for the longer strand. When the predeterminated time is over, the reverse polarity of voltage is applied in short time to stop the translocation of longer DNA strand. The two processes could be alternated until full separations are achieved.
The conformation changes of DNA are also important information in biological studies and can be monitored with nanopore ( Fig. 3(b) ). When we consider the association between length of DNA strand and translocation duration above, we hypothesis the diameter of nanopore is small enough so that the DNA strand can only pass the nanopore only in a linear manner. However, for the wider nanopore, especially solid-state nanopore, the DNA strands could keep folded conformation during the translocation through nanopore [66, 68] . The conformation changes of DNA strand during translocation could be determined by investigating the transport properties of the nanopore. By doing statistic analysis of the measurement results, the conformational distribution of DNA passing through nanopore could be obtained.
At the beginning of nanopore analysis, most investigations are based on monitoring ionic current signals. However, in practical, the signals are weak and usually hard to be isolated from the relatively strong noise background. This makes it very difficult to identify the single nucleotide in DNA strands. Recently, some efforts have been made to improve the intensities of the real signals or to screen the noise. The pioneer attempt is to combine the Sequencing-ByHybridization (SBH) [69] method with nanopore method [70, 71] . By this approach, the identifications of single nucleotide were converted to the identifications of the hybridized nucleic acid probes (Fig. 3(c) ). When the target ssDNA strand hybridized with probes pass through nanopore, the fluctuations of ionic current was monitored as a function of time. The attachment positions of the probes can be determined and the target DNA strand can be totally sequenced by hybridizing with the entire 4096 possible six-mers probes. The extensions of monitored signals can help to improve the accuracy of the detections. Besides hybridized probes, some other chemicals were also used to modify target DNA strand to amplify the monitored signals. The target DNA strand bound to a non-specific nucleic acid binding agent was driven to pass through nanopore [72] . The target DNA can be identified with high sensitivity because of a much greater fluctuations in ionic current enhanced by this nucleic acid binding agent. Nanparticle is another type tag binding to the DNA strand to aid the DNA sequencing with nanopore method [73] . Nanoparticle tag can also be modified for specific applications (Fig. 3(d) ). For example, ferromagnetic nanoparticle labeled DNA strand can be characterized by magnetic field. Or high conductivity nanoparticles could improve the changes in ionic current by large magnitudes.
Other new development methods are also proved to be able to improve the capabilities of nanopore by functionalizing the nanopore aperture itself [74] . The chemical or biological anchors are attached to the walls of aperture via cross-linkers. Those attached anchors act as probes to interact with DNA molecule passing through the nanopore. The translocation rate of target DNA can be slowed down by the interaction between the DNA molecule and attached anchors. The identification resolution can also be improved by combining the measured interactions and variations in ionic current.
Besides, optical signals were considered as another candidates to replace the ionic current as the readout signals [75, 76] . Optical readout approach could overcome the drawbacks of traditional nanopore sequencing process where the electrical signals were monitored. Each base, A, G, T and C in target DNA was firstly converted to a specific pair of 12-mer oligos, each of which was hybridized with a molecular beacon carrying specific fluorophores (Fig. 4) . Two types of fluorophores (two-color) were used to indicate binary 0 and 1 (Fig. 4(a) ). Thus, each base or target DNA can be represent by binary code, such as "1 1" for base A, "1 0" for G, "0 1" for T and "0 0" for C [77] . Then the converted DNA with molecular beacon will pass through the nanopore. The molecular beacon would briefly fluoresce when it was stripped off the complementary through <2nm diameter nanopore (Fig. 4(b) ). Two successive bursts correspond to one base of original target DNA as is defined above. Therefore, only by reading out the color sequence of the photon burst, the sequence of original target DNA can be identified (Fig. 4(c)) . Although fabricating the nanopores with <2nm diameter still faces big challenges, the optical readout approach overcomes the main difficulties in traditional nanopore analysis method as described below [9, 76] : 1) It simplified the fabrication of nanopore chips without fixation of the nanoelectrodes; 2) By designing the length of converted oligos and molecular beacon, the high translocation rate of DNA through nanopore would not influence the sequencing accuracy of original target DNA; 3) As optical signals were used, the effects of electrical noise can be neglected; 4) As has been demonstrated, by using large nanopore arrays, parallel readout can be realized by detecting the signals from multiple nanopores simultaneously.
To obtain detailed information for nanopore DNA sequencing, some specific data processing methods were also developed [78] . Each data point corresponds to the event of single nucleotide passing through the nanopore. The statistic Fig. (3) . The applications of nanopore in DNA analysis. The discriminations between ssDNA and dsDNA with protein nanopore [12] (a); The characterization of the DNA conformation with nanopore (b), the translocation of DNA in a small pore would keep linear manner (left) while in wider nanopore, DNA will sometimes translocate through nanopore in folding manner (right); The capabilities of nanopore method for DNA sequencing were enhanced by the aid of Sequencing-By-Hybridization (SBH) method (c). The nanoparticles labels were attached on the nucleotide in DNA strand to amplify the detection signals(d). Fig. (4) . Schematics of optical recognition for DNA sequencing using Nanopore [77] . The target original DNA sequence is converted to a known oligonuclotide (a). The converted strand hybridize with molecular beacons labeled by fluorophores (b). The DNA/beacon complex pass through a nanopore, The complementary was stripped off allows optical detection of the target DNA sequence (c).
distribution patterns of the data points were formed after the entire experiment. The distributions of data points from target nucleotides were investigated by comparing the entire data set obtained.
OTHER SEQUENCING TECHNIQUES.
Although nanopore method has witnessed fast development in the last two decades, it is still somewhat immature comparing to its successful and well-developed predecessors in DNA sequencing. It is significant to understand the pros and cons of current dominant DNA sequencing techniques. The issues addressed from analyzing the matured techniques would be very helpful for the further development of nanopore sequencing method. So far, the best known firstgeneration dominant DNA sequencing techniques are Snager enzymic methods [2] and Maxam&Gilbert chemical method [3] . Generally, the first-generation cost a lot, involve large amount of redundant work and need complex sample preparation process. Meanwhile, the enzymatic mistake in Sanger method as well as incomplete chemical reaction in Maxam&Gilbert method would lower the accuracy of readout signal and reduce the read-length of target DNA molecule.
To overcome the drawbacks of the first generation detection technique, researchers introduced second-generation or called next generation DNA sequencing techniques. For examples, Pyrosequencing TM method [79] with real-time DNA sequencing by the detection of released pyrophosphate (PPi) [80] ; Solexa method, sequencing by synthesis approach; SOLiD method, sequencing based on parallel clonal ligation; and so on [16, 17] . Those methods use protocols to generate random fragmentations or clusters of DNA served as sequencing features. Those target clusters can be arrayed and imaged with sequential primers in alternating cycles and in the end the sequence of whole target DNA was accomplished. The next generation methods can hugely reduce the sequencing cost, increase the reading speed and realize streamlined sample preparation. However, accompanied with their advantages, they also demonstrate their own drawbacks, much shorter read-lengths and lower accuracy [9] .
Besides the techniques introduced above, we emphasize the single nucleotide sequencing method [81] with exonulease which will digest the single strand of deoxynucleotides labeled by fluorophores. This method also focused on the identifications of individual nucleotides one by one in sequence [81] [82] [83] Another route of this method is to cleave single nucleotide with exonuclease at the first steps [84] . Then the cleaved nucleotide was transported away from the target DNA strand, incorporating the single nucleotide in a fluorescenceenhancing matrix. The laser is used to stimulate this nucleotide-matrix composite. By detecting fluorescence caused by the laser excitation, single nucleotide can be identified. The whole process is repeated until the target strand was totally sequenced. Besides traditional fluorescent method, the Raman spectroscopy was also applied to characterize the nucleotide cleaved by the exonuclease [85, 86] . The expected sequencing rate of this method can reach to 100-1000 bases per second, much faster than other techniques. The improvements still need to be made to develop the new methods to attach the label to each individual base efficiently.
CURRENT AND FUTURE DEVELOPMENT
Based on traditional DNA sequencing introduced above, for the future development of nanopore method, several important practical issues need to be considered. Those issues include: simplified sample preparation, cost, read-length, speed, the sequencing accuracy, stability and reproducibility for recycling process and output signals-to-noise ratio. Although the nanopore method demonstrates its instinct superiorities in sample preparation, cost, speed and read length, some challenges still need to be overcome before proceeding. With current nanopore method, the stability and reproducibility of sequencing results are both limited by the poor quality control of synthetic nanopore devices. Moreover, the high sequencing accuracy for the natural DNA strand cannot be realized until the translocation manner of DNA through nanopore is fully understood and precisely controlled [15] . Finally, the new detection method needs to be introduced to obtain higher signal-to-noise ratio for reliable results. There is no doubt that it still will take long time to make this new technique into real commercial DNA sequencing uses.
At first, many preparation methods have been developed to synthesize the solid state nanopore as is discussed above. However, it is still difficult to realize mass production of nanopore with satisfying dimension and optimal properties. As is reported, higher noise was observed as to the monitored ionic current signals with solid-state nanopore than that with its biological counterparts [87] . Thus, the protein nanopore was still the mainly used one for the current DNA analyses. Some new protein pore candidate, Mycobacterium smegmatis porin A (MspA) with suitable diameter (1.2nm) and smaller length (0.5nm), has also been reported for single nucleotide sequencing in recent work [88] . However, the synthetic pores, which is easier to fabricate, more adjustable and more stable, is a more promising candidate for the complicate applications of DNA sequencing [89] . Therefore, the new material and fabrication method need to be introduced to improve the qualities of synthetic pore. Graphene is interesting new material attracting more and more attentions of researchers for construction of nanopore [90] . The nanopore fabricated on ultrathin graphene monolayer demonstrates promising properties with much shorter channel length comparing to the traditional solid state nanopore device. The graphene nanopore opens a possible way for the future discriminations of single nucleotide [91] . However, with the excellent electrical conductivities, much higher level noise signals observed in graphene nanopore than in the traditional solid state nanopore would limit its applications in the DNA sequencing. One proposed solution to reduce the noise level is to deposit several atomic layer titanium dioxide over the graphene layer. But it will also weaken the superiorities of graphene nanopore due to the increase of ionic channel length [92] . Therefore, other more optimized solutions are expected to improve the properties of this novel nanopore device for the further applications.
Another main challenge to use nanopore in DNA sequencing is how to control the translocation manner of DNA molecule through nanopore, especially the reduction of translocation rate. To obtain detailed and comprehensive understanding on the translocation behavior of DNA through nanopore is a crucial step to search for the solutions to this problem [52, 68, 93, 94] . According to current researches, stochastic DNA motion is one of the reasons to generate the uncertain translocation behavior of DNA through the nanopore [36, 95, 96] . The effects of this type of motion could be minimized by reducing the temperature and modifying solvent viscosity of sample solution to some level [97, 98] . However, another more complex factor has to be considered. The nonspecific interactions between DNA and nanopore surface [99] cause variations of translocation rate in orders of magnitude [100, 101] . Some recent theoretical discussions demonstrated that DNA-nanopore hydrophobic interactions could slow down the translocation rate of ssDNA [93] . The initial attempts to utilize the effects of DNA-pore interaction to control translocate motion have been introduced above [53] . There are also some efforts trying to modify the manner of translocation process by combining with traditional single nucleotide sequencing method. An exonuclease enzyme might be used to cleave individual nucleotide molecule from target DNA. The cleaved nucleotides were translocated through nanopore device one by one in sequence [102] . However, because of the complexities, the ultimate solution to control translocation mode might need to combine the modification of DNA molecule, treatment on nanopore surface and controlling environment conditions together [101] .
Finally, the third challenge is how to distinct the response signal attributing to single base during the DNA strands passing through nanopore apertures. The blockage ionic currents are widely used to analyze DNA through nanopore. However, with the finite length of nanopore and intrinsic signal-to-noise limitation caused by ionic fluctuation, it is still hard or impossible to resolve the single nucleotide with pA level ionic current even by involving some amplification method discussed above [9] . Compared with traditional ionic current signal, the tunneling current is much more sensitive to the conformational and electrical variations of different types of nucleotides in pore [103] [104] [105] [106] . The single base resolution can be achieved in the ideal condition. The first patent to implement this principle was published in 2003 [107] . By embedding two nanoelectrodes or probes with only 1 nm diameter tip into the nanopore chip, the tunneling current can be monitored when a bias voltage was applied over the two electrodes. Ideally, the DNA sequence can be determined by monitoring the tunneling current during the molecule pass through the nanopore [108, 109] . In the initial investigations, Lindsay's group has demonstrated a method to indentify the electronic signatures of various types of DNA bases in the tunneling gap [110, 111] . Despite its specific advantages, some drawbacks of this method also need to be mentioned. As the tunneling current is exponentially sensitive to the distance changes between probe tip and nucleotide, the translocation motions of DNA have to be strictly stable. Even the small fluctuations would result in dramatical changes of tunneling current [112] . For the same reason, each base of target DNA should have fixed orientations during the translocation process which is hardly accomplishable in the real experiments [109, 113] . How to overcome those limitations discussed above would be the central topic in the future researches to resolve single nucleotide bases passing through nanopore aperture with tunneling current.
Although it is still in its initial state compared with other DNA sequencing techniques, nanopore technique has demonstrated its own attractive advantages. Several crucial challenges remained for further investigations. However, with new materials and fabrication technique, comprehensive understanding on the interaction between DNA and nanopore and new detection methods, the capabilities of nanopore could be optimized in the future. We believe that the fast, low-cost and accurate nanopore sequencing will be achieved ultimately with great efforts of researchers from different disciplines.
